Objective: Polycystic ovary syndrome (PCOS) is characterized by ovarian dysfunction. Although the role of leptin in the control of reproduction is unclear, it may be involved in the control of ovulation. The aim of this cross-sectional study was to determine the relationship between circulating leptin concentrations, and anthropometric, metabolic and endocrine variables as well as to examine a possible role of leptin in ovarian dysfunction associated with PCOS. Design: Prospective observational study. Methods: Seventy-one subjects with PCOS and 23 body mass index (BMI)-matched control subjects were recruited from infertility clinics. The association between serum leptin concentrations and the above variables was measured outwith the luteal phase. A subgroup of 24 PCOS subjects underwent more frequent blood sampling to monitor follicular growth and ovulation. The association between variables was measured by univariate, multivariate and partial correlation analyses. Results: Serum leptin concentrations were not different in subjects with PCOS and controls, and were strongly associated with BMI in both groups. Twelve patients ovulated during the study period. There was no signi®cant difference in serum leptin concentrations between ovulatory and anovulatory subjects. The relationship between BMI and leptin was similar in both groups.
Introduction
It has been demonstrated that leptin, the product of the ob gene (1) , is involved in the regulation of adiposity in mammals and may act as an endocrine signalling factor, or`lipostat', linking nutritional status to the reproductive axis (2) . Administration of leptin to leptinde®cient ob/ob mice corrects the delay in reproductive function (3) and restores fertility (4) . In humans, a critical blood leptin concentration appears to be necessary to trigger the onset of ovarian activity (5) . Furthermore, circulating leptin concentrations appear to be better predictors of menstrual function than body mass index (BMI), fat mass or percentage body fat (6) .
At the level of the ovary, leptin has been shown to inhibit insulin-induced steroidogenesis from the bovine ovary (7) . Human ovarian follicles have leptin receptors (8) , their follicular cells express leptin mRNA at the time of dominant follicle selection (9) , and granulosa cells have been shown to secrete leptin (10) , indicating a likely role for leptin in normal ovarian physiology. Indeed, circulating leptin concentrations vary signi®-cantly during the menstrual cycle, with a detectable rise in the periovulatory phase and peak concentrations in the luteal phase of the cycle (11, 12) , indicating that it plays a role in ovulation.
Polycystic ovary syndrome (PCOS) is a common disorder (13) characterized by menstrual dysfunction, obesity and oligo-anovulation. It is also associated with endocrine and metabolic derangements, characterized by hyperandrogenaemia, hypersecretion of lutenizing hormone (LH), and insulin resistance. The analogy of the disturbed reproductive function in the obese mouse and PCOS is attractive at ®rst presentation. Indeed, the combination of obesity, insulin resistance and infertility in PCOS had led to the suggestion that leptin may play some role in the abnormal ovarian function observed in PCOS (14) . A growing body of evidence, however, indicates that leptin secretion is not disturbed in women with PCOS, compared with weight-matched controls (15±19). Interestingly, some studies that have examined serum leptin concentrations during the luteal phase of the cycle (20) have failed to demonstrate a signi®cant relationship between circulating leptin concentrations and menstrual cyclicity after adjusting for body fat mass. However, none of these studies has attempted to discriminate between the women with PCOS who are capable of spontaneous ovulation, and those who remain anovulatory. Given that many women with PCOS undergo spontaneous follicular development (21) , it remains possible that leptin may be one of the factors in¯uencing the incidence or frequency of these critical events.
The aim of this cross-sectional study was to determine the relationship between circulating leptin concentrations, and metabolic and endocrine factors and to examine a possible role of these factors in the degree of ovarian dysfunction, particularly the ability to undergo follicular maturation and ovulation in a group of subjects with PCOS.
Materials and methods

Patients
Subjects n 71 with PCOS were recruited from the infertility clinics at the Glasgow Royal In®rmary. PCOS was diagnosed in women with oligomenorrhoea (cycle length .41 days), associated with typical ovarian appearances by transvaginal ultrasound (22) , yielding a characteristic endocrine pro®le. All the ultrasound examinations were performed transvaginally by one of the authors (IRP). Control subjects with unexplained infertility, normal menstrual rhythm and morphologically normal ovaries n 23 were recruited from the same sources.
All subjects had normal prolactin concentrations and normal thyroid function test results. Diabetes mellitus and late onset congenital adrenal hyperplasia were excluded in all patients by fasting blood glucose and 17a-hydroxyprogesterone estimations respectively. No subject had taken any medications for the 2 months preceding the study.
The study was approved by the local Research Ethics Committee, and all subjects gave written informed consent.
Sampling and assays
Serum samples were taken from all subjects after an overnight fast of 12 h, between 0830 and 0930 h. In those women with a normal menstrual rhythm, serum samples were obtained in the follicular phase of the cycle (days 2±6 of the menstrual cycle) while, in women with oligomenorrhoea, samples were obtained at least 14 days following their last menstrual period, but outwith the luteal phase, con®rmed by serum progesterone estimation. Blood was collected and harvested at 4 8C by low speed centrifugation and aliquots of serum for leptin determination and for hormonal analyses were stored at 270 8C until analysis. Anthropometric measurements were made by the same trained observer using standard techniques as described previously (WHO) (37) . BMI was calculated as: weight (kg)/height (m) 2 . Serum leptin concentrations were measured in duplicate using a 125 I radioimmunoassay (Linco Research, Inc., St Charles, MO, USA) (23) . The intra and interassay coef®cients of variation were 5.8% and 6.5% respectively over the sample concentration range. Oestradiol (E 2 ) and progesterone were measured using a competitive¯uoroimmunoassay (Delphia, Wallac Ltd, Turku, Finland). Testosterone was measured using a competitive radioimmunoassay (Coat-A-Count T; DPC, Los Angeles, CA, USA). LH and sex hormone binding globulin (SHBG) were assayed using speci®c noncompetitive sandwich¯uoroimmunoassays (Del®a hLH and Del®a SHBG; Wallac Ltd). The free androgen index (FAI) was calculated as testosterone concentration (nmol/l)Â100, divided by SHBG concentration (nmol/l). Plasma insulin was measured using a competitive radioimmunoassay (Coat-A-Count I).
Ovarian function assessment
Twenty-four subjects with PCOS underwent more frequent blood sampling (three times a week for 5 weeks) to monitor follicular growth (E 2 ) and ovulation, with the investigation window starting at least 14 days following a menstrual bleed. Luteinization and ovulation were considered to have taken place when serum progesterone concentration exceeded 2.5 ng/ml, following an LH surge. Two groups of PCOS subjects could thus be identi®ed; those capable of undergoing follicular growth, maturation and ovulation, and those who demonstrated anovulation. Serum leptin concentrations were measured in the ovulatory blood sample in the case of women who demonstrated ovulation, and the corresponding sample in women who remained anovulatory.
Statistical analyses
Distribution of all variables was assessed for normality by Shapiro±Wilks test. The following variables, not normally distributed were log (log e ) transformed: leptin, fasting insulin (FI), testosterone, E 2 , progesterone and SHBG, while all other variables were analyzed untransformed. Independent sample t-tests were used to test for the difference in means of continuous normal or log normally distributed variables. Results for normally distributed variables are shown as means^S.D.; geometric mean (range) is quoted for log-transformed variables.
The associations between variables were examined by simple linear regression. Partial correlations were performed to determine the association of leptin to anthropometric, metabolic and endocrine variables after controlling for BMI. Multivariate analyses were employed to determine the extent to which age, BMI, waist circumference (WC), waist to hip ratio (WHR) and FI related to variations in leptin concentrations. In multivariate regression, variables identi®ed as signi®-cant predictor variables by simple linear regression were entered; when there was signi®cant interaction between the explanatory variables, e.g. between WC and WHR, or BMI, multivariate models included only one of these variables. Adjusted R 2 was calculated, which takes into account the number of predictor variables. Statistical analyses were performed using SPSS for Windows (SPSS Inc., Chicago, IL, USA). Table 1 demonstrates that although there was no signi®cant difference between the two groups in BMI, the WC and WHR were signi®cantly higher in the women with PCOS. The women with PCOS had higher circulating concentrations of LH and testosterone, and higher FAI compared with the control group. In contrast, FI and circulating leptin concentrations were not different between the two groups. Table 2 shows that BMI and WC were strongly correlated with circulating leptin concentrations in both groups of patients. In contrast, the correlations between circulating leptin concentrations and those of FI and FAI were signi®cant only in the PCOS group. After correcting for BMI, these correlation coef®cients were no longer signi®cant in either group except WC which remained signi®cantly correlated in the PCOS group.
Results
Leptin and ovarian activity
Circulating leptin concentrations were determined in 24 BMI-matched hyperandrogenic PCOS subjects who were monitored for follicular development over a 5-week period. Spontaneous ovulation was recorded in 50% of patients n 12X Table 3 shows the anthropometric and metabolic variables in these two groups. Subjects who did not ovulate during the observation period had higher BMI than those who ovulated, although the difference was not statistically signi®cant. Nor were signi®cant differences observed in the concentrations of LH, testosterone, FI or leptin concentrations between the two groups. In keeping with follicular maturation, E 2 concentrations were higher in ovulating subjects. Figure 1 shows that the distribution of leptin concentrations was similar in both the lean BMI , 25 and obese patients BMI . 25 who underwent follicular maturation and ovulation compared with those who remained anovulatory. BMI was the most important correlate of circulating leptin concentrations in both groups of patients, and explained 72% R 2 0X72; P , 0X0001 and 55% R 2 0X55; P 0X004 of the variability in the concentration of leptin in ovulating and non-ovulating subjects respectively. These data indicate that circulating leptin concentrations appear to be unrelated to the facility of follicular development and ovulation. Figure 1 Distribution of log e leptin in lean and obese ovulating (X) and non-ovulating (W) study groups. *log value.
Discussion
In this cross-sectional study we observed that women with PCOS had higher WHR, LH, testosterone, FI and FAI, and lower concentrations of SHBG than control women with a normal menstrual rhythm and morphologically normal ovaries. BMI was the most important determinant of circulating leptin concentrations in both groups of patients (24, 25) . In accord with other published studies in PCOS subjects, serum leptin concentrations were not different between subjects with PCOS and BMI-matched controls (16±19, 26). Additionally, the results of the present study demonstrated that serum leptin concentrations were not different between ovulatory and anovulatory groups of PCOS subjects, indicating that serum leptin may not play an important role in determining the facility for ovulation in this group of patients. We noted a wide variation in leptin concentration in subjects with PCOS and in controls with similar ranges of body mass; moreover, the relationship between circulating leptin concentration and BMI was similar in both these groups of subjects. However, BMImatched women with PCOS had a higher WC compared with control subjects, and WC was strongly and positively correlated with leptin concentrations in both groups. This correlation remained signi®cant in the PCOS group after correcting for BMI. Given that WC is considered to be a reliable anthropometric index of intra-abdominal fat accumulation and associated insulin resistance in subjects with PCOS (27) , this suggests a possible contributory effect of decreased insulin sensitivity upon circulating leptin concentrations in this group of patients.
In the present study we used FI concentrations as a surrogate measure of insulin sensitivity. The relationship between circulating leptin concentration and insulin resistance in subjects with PCOS appears to be in¯uenced by body mass, since it is no longer signi®cant after adjusting for body fat mass (19, 24, 26) . The effects of decreasing insulin resistance by insulin-sensitizing agents have been inconclusive, and demonstrate that whereas metformin (28) and diazoxide (29) appear to decrease circulating leptin concentrations in parallel with the improvement in insulin sensitivity, troglitazone, which is considered to be a more effective insulin-sensitizing agent, does not appear to in¯uence plasma leptin concentrations (17) . It is possible that more robust measures of insulin sensitivity in this study may have revealed a greater difference in insulin resistance in the study groups. Additionally, the cross-sectional design of this study precludes any inference on the effect of insulin resistance on modulating circulating leptin concentrations.
Insulin resistance is thought to play a pivotal role in the aetiology of PCOS and may be related to the hyperandrogenaemia in these patients (30, 31) . Furthermore, insulin has also been shown to stimulate leptin secretion in humans (32) . Our group of PCOS subjects, despite showing a tendency for hyperinsulinaemia, had circulating leptin concentrations that were not different from the control group. Moreover, the relationship between leptin and FI was not signi®cant after correction for BMI in either group, indicating that the relationship between leptin and insulin concentrations is likely to be governed by total adiposity (19, 26) .
Elevated serum leptin concentrations may play a role in arresting follicular development in certain women with PCOS (9) . It is possible that in humans circulating leptin may in¯uence ovarian function either by its direct affect on the ovary, or indirectly by modulation of insulin action or LH secretion. Leptin receptors have been identi®ed in both granulosa and theca cells of the human ovarian follicle (8, 33) , and granulosa cells have been shown to secrete leptin (10), indicating a direct paracrine role for leptin at the ovarian follicular level (33) . Interestingly, it has been suggested that leptin may indirectly in¯uence ovarian follicular activity by affecting LH release. Indeed, the diurnal variation in leptin secretion appears to be synchronous with LH secretion, suggesting that the nocturnal rise in leptin may determine the change in the preovulatory LH pro®le (34) .
Our data, however, do not support a role for circulating leptin in the disordered ovulation in subjects Table 3 Subject characteristics, and anthropometric, endocrine and metabolic variables in subjects monitored for ovulation. The geometric mean is given with the range in parentheses.
Non-ovulators n 12
Ovulators n 12 with PCOS. In subjects who were monitored for follicular growth, and who demonstrated follicular maturation and ovulation, there appeared to be no distinguishing concentration of circulating leptin. This applied to both lean and obese patients. Furthermore, the relationships between leptin and BMI were the same in ovulatory and anovulatory patients with oligomenorrhoea, implying that any role of leptin upon ovarian function would be mediated through tissue sensitivity at the follicular level, since no circulating leptin concentrations could be deemed pathological with respect to follicular growth. Although our results do not implicate leptin in anovulation related to PCOS it is well documented that leptin plays a permissive role in anovulation in animal experiments. For instance, administration of leptin to starving mice prevents the starvation-induced delay in anovulation (35) and administration of leptin to the ob/ob mouse restores fertility (36) . In such extreme situations, leptin does appear to have a facilitatory role in ovulation, and a contributory role in the promotion of pregnancy.
In conclusion, our data show that circulating total leptin concentrations in women with PCOS are similar to BMI-matched controls, and that there was no role for circulating leptin in in¯uencing follicular maturation and ovulation. A progressive increase in leptin concentration and a signi®cant independent correlation of leptin concentration with BMI was observed in both PCOS and control subjects. These results preclude a role for circulating leptin in the impaired follicular growth and abnormal ovarian function associated with PCOS.
